We examined cell size correlations between tissues, and cell size to body mass relationships in passerine birds, amphibians and mammals. The size correlated highly between all cell types in birds and amphibians; mammalian tissues clustered by size correlation in three tissue groups. Erythrocyte size correlated well with the volume of other cell types in birds and amphibians, but poorly in mammals. In birds, body mass correlated positively with the size of all cell types including erythrocytes, and in mammals only with the sizes of some cell types. Size of mammalian erythrocytes correlated with body mass only within the most taxonomically uniform group of species (rodents and lagomorphs). Cell volume increased with body mass of birds and mammals to less than 0.3 power, indicating that body size evolved mostly by changes in cell number. Our evidence suggests that epigenetic mechanisms determining cell size relationships in tissues are conservative in birds and amphibians, but less stringent in mammals. The patterns of cell size to body mass relationships we obtained challenge some key assumptions of fractal and cellular models used by allometric theory to explain mass-scaling of metabolism. We suggest that the assumptions in both models are not universal, and that such models need reformulation.
INTRODUCTION
Any substantial change of body mass in a lineage must be caused by alteration of cell size, cell number or a combination of the two. Because cell size differs between tissues in the same organism, we have to ask whether the sizes of different cell types evolve independently or in concert. If it is the latter, evolution is more constrained in changing body size through alterations of cell size. Animal bodies would change by roughly rescaling all types of cells, which creates a size correlation between different cell types.
Evolutionary coupling between cell size and body mass is postulated to play an important role in shaping the mass-scaling of metabolism (Davison 1955; Szarski 1983; Kozłowski et al. 2003) . With increasing cell size, the cell surface area/volume ratio decreases and a smaller fraction of metabolism is spent on maintaining ionic gradients across cell membranes. In a group of closely related organisms with differences in body mass attributed entirely to cell size change, the metabolic rate should scale with body mass with the exponent b ¼ 0.67 dictated by the changing surface area/volume ratio of the cells. The exponent should become 1.0 if cell size remains unaltered and body mass varies entirely owing to differences in cell numbers. Then the question is whether the component of body size change realized through the change in cell sizes is sufficient to explain the usually negative allometries of metabolism in nature (0.6 , b , 0.8; Glazier 2005)?
A concurrent model (West et al. 1997) predicts the unique metabolic scaling exponent 0.75 from the fractal nature of the supplying system. One of its key assumptions is body mass-invariance of capillary length and diameter. Given that adequate gas exchange requires the short axis of the erythrocyte to be about 25 per cent more than capillary diameter (Snyder & Sheafor 1999) , West et al. implicitly assume mass-invariance of erythrocyte size. Consequently, if organism-wide rescaling of cell sizes exists in nature, other cell types should not change their size with the organisms' mass. Savage et al. (2007) attempt to link fractal and cellular models by considering either body mass-scaling or mass-invariance of cell sizes in mammals, and show that both patterns are present depending on cell type. This result requires verification for other taxa, and testing whether massscaling of cell size supports a cellular model and to what extent it challenges the assumptions of a fractal model.
Measuring cell size is extremely laborious, which explains the paucity of available data and the lack of conclusive evidence for the arguments. Here, we analyse the sparse data on cell size in tissues of passerine birds, amphibians and mammals to test whether cell size for different cell types is intercorrelated and related to body mass. In particular, we examine whether erythrocyte size correlates with the size of other cells and with body mass. The existence of these intercorrelations in different taxa would indicate the need to reconcile some key assumptions of the fractal model. To test the cellular model, we calculate exponents of mass-scaling of cell sizes, assess the corresponding exponents of metabolism predicted by the model and compare the predicted exponents with their actual values from the literature.
MATERIAL AND METHODS
We used published and unpublished data on birds, amphibians and mammals collected by the group founded by Henryk Szarski, mostly at Nicolaus Copernicus University (Toruń , Poland, TG hereafter), and two datasets for mammals extracted from Morgado et al. (1990) by Savage et al. (2007) and from Levi (1925) by Szarski (1985) . The data on six species of passerine birds were published by Nitecki (1972) . They were collected by one person, and the tissues were taken from the same individuals, increasing the accuracy of data on birds. TG's data on amphibians and mammals (restricted to closely related groups, rodents and lagomorphs) were compiled from different papers and MSc theses. Not all same-species measurements were taken from the same individuals or made by the same person. Thus, the amphibian and mammalian data are less precise. Original data are given in the electronic supplementary material.
All analyses used original data and phylogenetically independent contrasts. Contrasts were calculated following the method in Phenotypic Diversity Analysis Programmes (Garland et al. 1999 ) with Nee's transformation (Purvis 1995) using the trees in the electronic supplementary material. We calculated correlations between cell size and body mass, and size correlations between cell types (see the electronic supplementary material). Mass-scaling exponents of cell size for different tissues were calculated from slopes of log cell volume -log body mass least-squares regressions. Mean exponents in each animal group were calculated from exponent values in different tissues. The means were tested against zero with the t-test. To examine intercorrelations between cell sizes and to reduce the problem of multiple comparisons, we performed principal component analysis (PCA) on the most complete data subsets on cell size. Phylogenetically controlled PCA was carried out on correlation coefficients (calculated through origin) of standardized contrasts from cell volumes (Garland et al. 1992) . Our principal components (PCs) identify tissue associations with highly correlated cell sizes. PC scores measure the combined cell sizes in such groups. Loadings indicate the strength and direction of tissue contributions to PCs. Negative loadings indicate an inverse relationship between PC scores and the cell size of contributing tissues. PC scores were used to examine correlations of cell size with body size and erythrocyte size.
RESULTS
Birds and amphibians differed from mammals in the structure of intercorrelations between cell types (table 1). Birds and amphibian tissues formed a single major PC with high loadings of the same sign, revealing positive cell size correlations between tissues. Mammalian tissues clustered in three PCs (tissue groups), indicating that not all cell types had correlated sizes. Within each group, cell size usually correlated positively between tissues (high loadings with the Cell size correlations between tissues J. Kozłowski et al. 793 same sign), with a few exceptions. Some tissues contributed simultaneously to two PCs. PCA on contrasts produced similar results, but some tissues, especially in mammals, changed their quantitative (loading value) and qualitative (loading sign) impacts on PCs. In mammals (Morgado) , PCs on contrasts changed in relative importance (cPC1 corresponds to PC2, cPC2 to PC3, cPC3 to PC1). An index of cell sizes based on raw PC1 was positively correlated with body mass in birds and mammals (table 2). It was impossible to define a single size in indeterminately growing amphibians, and this precluded such an analysis. Note that in mammals (Levi) , the increase in the PC1 index with body mass corresponded to an increase in the size of tongue epithelium, Purkinje and neuronal cells, but a decrease in pancreatic cell size (table 1). The correlation between erythrocyte size and body mass (table 2) was positive in birds and only in the taxonomically most uniform mammalian dataset (rodents and lagomorphs, TG); it became nearly significant in mammals (Levi) after phylogenetic corrections (p ¼ 0.071). Erythrocyte size appeared to be a reliable predictor of PC1 only in the birds (p , 0.001) and in amphibians (p ¼ 0.036), but not in mammals. Contrasts for the examined variables correlated similarly (table 2), except for erythrocyte size versus PC1 (amphibians), and body mass versus PC1 (mammals, TG). In mammals (Morgado) , contrasts for erythrocyte size correlated with cPC2, and a positive 
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correlation between cPC3 and mass contrasts corresponded to the correlation between PC1 and mass on raw data. Cell volume in tissues scaled with body mass, with exponents ranging from 20.09 to 0.280 (20.067 to 0.281 for contrasts). Mean exponent values were significantly higher than zero in birds and mammals (Morgado) (figure 1).
DISCUSSION
We demonstrated that cell sizes in different tissues, including erythrocytes, are highly intercorrelated in passerine birds and amphibians, which indicates that some insufficiently recognized epigenetic mechanisms determining cell size relationships are very conservative in these groups. The correlation of erythrocyte size with the size of other cell types in birds and amphibians also has practical implications. Blood samples can be taken in the field without killing, and erythrocytes are easy to measure. The cellular architecture of mammals seems different. Variation of their cell sizes is not entirely captured by a single PC, but splits between three PCs (table 1) , and erythrocyte size is usually unrelated to the size of other cell types (table 2) . In birds, our measure of cell sizes across tissues (PC1) and erythrocyte area correlates strongly with body mass. A similar increase in erythrocyte size with body mass was earlier reported by Starostová et al. (2009) in geckos. In these groups, at least, this evidence invalidates the assumption of mass-invariance of erythrocyte size in West et al.'s (1997) fractal model. A positive correlation between erythrocyte size and body mass was also reported in mammals when phylogeny was considered (Promislow 1991) , but it was not detected when the phylogenetic context was ignored (Savage et al. 2007 ). According to our results, erythrocyte size increases with body mass only in the phylogenetically uniform dataset on rodents and lagomorphs (TG), and the increase becomes nearly significant in mammals (Levi) after phylogenetic corrections. Interestingly, only the size of cell types forming PC1 correlates with body mass in mammals; the cells involved in the remaining PCs stay massinvariant (in mammals (Morgado) , body mass correlates with the PC1 on raw data, and with the PC3 in contrasts, but similar tissues contribute to both PCs). Thus, the size of erythrocytes and of other cell types may depend on body mass in mammals, but it is not a norm. Cell size seems to play a different role in the body mass evolution of the studied animals. The exponent of mass-scaling of cell volumes in different tissues is on average positive in all groups, but only in passerine birds and in Morgado's mammals is the mean exponent value significantly larger than zero (figure 1). Mass-scaling exponents of cell size did not exceed 0.3 in individual tissues, which means that changes in cell number also contributed to evolutionary differentiation of body masses, especially in mammals. According to the cellular model (Davison 1955; Kozłowski et al. 2003) , an increase in cell volume with body mass to the power 0.3 should be associated with a metabolic scaling exponent b equal to 0.9. Apparently, this value of the metabolic exponent is much higher than the values actually observed in nature (b usually ranges from 0.6 to 0.8 in birds and mammals; Glazier 2005) . Low exponents of the mass-scaling of erythrocytes and metabolism were also reported in a group of gecko species (Starostová et al. 2009 ). These pieces of evidence suggest that metabolic differences between species may be only partly determined by the cell surface/volume ratio, and mostly by other body size-related factors such as membrane permeability and the density and activity of mitochondria.
The empirical data reveal that the patterns of mass dependence of cell sizes in different animal groups are inconsistent with the assumptions of fractal and Cell size correlations between tissues J. Kozłowski et al. 795 cellular models. This calls for revision of the theories. Qualitative differences in the cellular architecture of amphibians and birds versus mammals point to the importance of the phylogenetic context in future metabolic studies, and warn against formulating universal explanations. We believe that further studies integrating the levels of cell and organism are required if we are to untangle the knot of causality in the relationships between body size, metabolism and cell traits.
